A cloud/particle model for gas flow in galaxies is developed. Instead of assuming that the interstellar medium is a continuum of gas governed by an equation of state, our model views it as a discrete system of dense clouds. We believe the real interstellar medium can be characterized by such a system with an average mean free path for the clouds of A c . = 100-200 pc. The model incorporates cloud-cloud colhsions and supemovae as dominant local processes. The time evolution of the system of clouds is calculated in response to the gravitational field of a background spiral density wave in the model galactic disk. Cloud-cloud colhsions are the principal means of dissipation. To counter this dissipation and maintain local dispersion, supernova explosions in the medium administer radial snowplow pushes to all nearby clouds. The causal link, as we see it, between these processes is that cloud-cloud colhsions will form stars and these same stars will rapidly become supemovae.
I. INTRODUCTION
Spiral galaxies, although complex, often show a degree of order on the large scale through their luminous spiral arms. Enhanced star formation activity occurs in such spiral arms, and narrow dust lanes can often be traced along their lengths. In the early 1960s it was already suspected that these dark dust lanes may be related to large-scale galactic shock waves formed in the gas (Pfendergast 1962) . This suspicion, together with the 'This work was supported in part by the National Science Foundation under grant AST-7909935 and the National Aeronautics and Space Administration under grant NAS8-33348; the second author also received support under NASA contract NASI-15810 while in residence at the Institute for Computer Applications in Science and Engineering.
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early work of Lin and Shu (1964, 1966) on density waves in galaxies, motivated the steady state gasdynamical studies of the late 1960s and early 1970s in which the gaseous response to the perturbing gravitational field of a spiral density wave pattern was found to be strong and capable of inducing the formation of large-scale galactic shock waves along the spiral arms (Fujimoto 1968; Roberts 1969; Shu et al 1972; Shu, Milione, and Roberts 1973) . These studies, mostly based on an isothermal continuum of gas, identified the dark dust lanes along spiral arms as possible tracers of shocks and the galactic shock itself as a possible triggering mechanism for the formation of young stars along a spiral arm. Recent two-dimensional gas-dynamical calculations (e.g., Sanders and Huntley 1976; Huntley, Sanders, and Roberts 1978) have further demonstrated the ease with which gaseous spiral wave arms and galactic shocks can be driven by bars and other driving mechanisms to provide order on the large scale in galaxies.
In other attempts to understand the large-scale order in galaxies, some authors have explored the problem from a very different point of view and have asked: Can the large-scale ordering be induced by purely local processes on the small scale (less than a few hundred parsecs)? Gerola and Seiden (1978; also see Seiden and Gerola 1979 ) explore this point of view through a stochastic epidemic process for star formation. The basic idea in the form originally proposed is that an association of stars is created by a chain reaction mechanism in the given association, in which "local" shock waves from high mass stars induce the formation of more high mass stars, which in turn create further local shock waves, etc. In contrast to the density wave theory where an underlying stellar mass distribution organizes the large-scale structure, in the stochastic formulation supemovae stimulate only nearby star formation. Differential rotation of the galaxy would stretch any such aggregates of star associations into spiral features. It is clear to the present authors that both the global density wave and galactic shock and the local stochastic processes act in concert with each other and play important roles in star formation in galaxies; in the present paper we attempt to bridge the gap and show the connection between these two processes of star formation.
One area of intense activity for astronomers in the 1970s has been the interstellar medium (ISM). For some time before the past decade it was known that the ISM was not uniform on the small scale, but contained large density variations. The dense regions, called "clouds" because of their appearance on photographs, were thought to be embedded in a rather diffuse "intercloud" medium. Today this picture is dramatically enhanced. Clouds have now been observed with densities much higher than previously thought possible; the clouds contain molecules that radiate energy so efficiently that some have temperatures only a few degrees above absolute zero. Lower cloud temperatures and higher densities place these clouds much nearer the critical values necessary for their gravitational collapse than the diffuse clouds known in the early work a decade ago. At the other end of the spectrum, supemovae form large remnants; these cavities and perhaps even tunnels (Cox and Smith 1974; Jones et al 1979) are filled with hot, very tenuous gas.
Because of this large range of densities and temperatures (see McKee and Ostriker 1977; McCray and Snow 1979) we feel it is important to incorporate the smallscale inhomogeneities of the interstellar medium into the large-scale picture of spiral structure. We therefore adopt a cloud/particle model that neither assumes a continuum of gas nor requires a prescribed equation of state (e.g., isothermal). In our model, both cloud-cloud collisions and supernova explosions are dominant local processes; yet we hope to demonstrate how global galactic shocks can form and persist in just such a medium. With a different emphasis, Schwarz (1979) adopts a particle approach for gas flow in disk galaxies and through his model demonstrates the importance of resonances and their relationship to ring stmctures. His calculations, however, are not concerned with the mean free path of the interstellar medium and do not include supemovae.
We develop a cloud/particle model in order to study the dynamics of a three-dimensional galactic system of cold clouds. The clouds are driven by the gravitational field of a background spiral density wave. They lose relative momentum in collisions with each other and experience radial accelerations from supemovae resulting from the stars which form at the collision centers. By this approach we are able to follow the formation of compression ridges associated with large-scale galactic shocks and consider the effects that supemovae may have on such shocks. Additionally, we are able to study the variation of velocity dispersion and average z-height throughout the galaxy.
In § II of this paper, the four principal assumptions of the model are presented. In § III the numerical scheme that unites these assumptions is described and a simple linear flow analog is constructed in order to test the model and its assumptions. Some gross properties of real galactic shocks in three dimensions are discussed. In § IV, we apply the model to a representative threedimensional annulus of a galaxy. The results of our cloud/particle model are compared with the results of a classic density wave calculation for an isothermal continuum of gas in this annulus. In § V, a galactic disk calculation in two dimensions is presented. This version of our model allows for a more direct visual comparison of the cloud/particle model to observed spiral structure.
II. THE CLOUD/PARTICLE MODEL a) Model Assumptions
The cloud/particle model is based on four assumptions:
1. Cold dense clouds can move about relatively unimpeded by any intercloud medium.
2. The system of cold clouds has a mean free path that is a function of the average cloud size (the model has all clouds of the same size) and the number of clouds in a given volume.
3. Cloud-cloud collisions, which occur over such lengths, are highly dissipative, with star formation occurring at the collision centers.
4. The most massive of the collisionally created stars die in Type II supernova explosions, and the supemovae will, in their snowplow phase, give radial pushes to all nearby clouds. No. 2, 1981 CLOUD/PARTICLE MODEL OF ISM The goal of this section is to explain and justify in detail each of these assumptions. The numerical scheme which interweaves these assumptions into a consistent approach will be described in the context of the linear tube analogy ( § III). b) Cloud-Intercloud Interaction For our present purposes an "interstellar cloud" is a region of the ISM that has a number density rc I (H+ 2H 2 )>20 cm -3 . Since the discovery of dense molecular clouds, it now seems that most of the mass of the ISM is in cloud form. This is especially true in light of the recent observations which show substantial additional mass exists in clouds that are seen only in H i selfabsorption lines (Levinson 1981) .
We use the term "intercloud medium" for that component of the ISM which fills most of the volume but accounts for only a small percentage of the entire gaseous mass in the Galaxy. Ten years ago the intercloud medium was thought to be partially ionized gaseous matter with an average temperature of 10 4 K and density of 0.1 cm -3 (Field, Goldsmith, and Habing 1969) . As the importance of supemovae became better understood, it was necessary to allow for a hotter (7= 10 6 K), fully ionized, and even more tenuous, n m <0.01 cm -3 gaseous phase in the picture. McKee and Ostriker (1977) have ascribed a relative volume filling factor as high as 80% for this hot third phase.
It is important to note that the motion of a cloud (with n Y >20 cm -3 ) is not strongly affected by drag interactions with the tenuous intercloud gas. This is best seen if the ^-folding time r ci for the cloud-intercloud interaction is compared to an average time r cc for cloudcloud collisions. A simple estimate of r ci is obtained by assuming that a given cloud would be stopped by stagnation pressure. If E c is the cloud's kinetic energy, then
R c , u ci , and p 1 are the cloud's radius, velocity with respect to the intercloud medium, and density. The II or III subscripts are used to designate that the density of the intercloud medium may be that of either classical phase II gas or coronal phase III gas. Using equation (1) and typical densities for the clouds and the intercloud medium, we find r ci in the range, expressed in millions of years (Myr), of 2X10 2 Myr<r ci < 10 4 Myr.
The shortest of these times is still roughly the time it takes a gas cloud to travel from one spiral arm to the next at the solar radius. (Spitzer 1978; Heiles 1980) . Although estimates exist of the number of clouds per unit volume n c in our Galaxy, these cannot be directly converted to an estimate for the mean free path. However, if we adopt a value for the average space density, h ism > of atoms and molecules in the ISM and if we assume that the major proportion of this matter is organized into clouds, then we have n lSM =n c^c n l9 (3) where V c is the volume of an average cloud. Since
where o c =ttR 2 c , the average cloud's cross sectional area, we see
Using typical values for R c , n l , and n lSM from Spitzer (1978) of 10 pc, 20 cm -3 , and 2 cm -3 , we find A c ~ 150 pc. Levinson (1981) finds the system of H i selfabsorption clouds in the solar neighborhood to have average values of R c~2 pc, n 1 ~ 100 cm -3 , which again places A c ~ 150 pc. A second more indirect estimate of mean free path can be obtained by noting that A c is a measure of the scale of discontinuities. Because supernova remnants have terminal diameters of 100-200 pc, this phase of ISM gas seems also to lend credence to a value for A c ~ 100-200 pc.
Since it is the goal of this paper to deal primarily with the morphology of spirals in general, we feel it is not critical to be certain of the exact mean free path for our own Galaxy. It seems quite likely that A c must in fact vary from galaxy to galaxy; a first approximation might be to assume that it is inversely proportional to a galaxy's H r content. We therefore adopt an average mean free path of 150 pc for the ensuing models. The local mean free path will change along a streamhne. In the arms of a spiral galaxy it may be as short as 60-75 LEVINSON AND ROBERTS pc, while in the interarm region it could be as long as 300 pc.
For X c in this range we see from equation (2) that r cc ~ 10-20 Myr.
The ratio of r ci to r cc is therefore at least 10:1; and if large volumes of the ISM are filled with tenuous coronal gas, then this ratio may be higher than 100:1. Because of the arguments just given, the cloud/particle model does not attempt to deal with any form of intercloud medium. Instead, the model assumes that all the interesting phenomena are attributable to and can be understood by following trajectories of individual clouds. This possibility was suggested by Shu (1978) when it became clear that galactic shocks could not form in the hot 10 6 K intercloud medium. It has been shown by Brahic (1977) and Bird (1980) that for discretely evolving systems like the one we are proposing, statistically similar results are obtained for quite different ensembles (i.e., for systems with different numbers of particles and different particle sizes) so long as a similar choice of mean free path is shared between the systems. The cloud/particle model uses this similarity relation to reduce the number of clouds that must be integrated; i.e., we choose a system that has cloud sizes that are larger than actual cold clouds, and a corresponding smaller number of clouds so that we can still provide for an average X c~1 50 pc. This trade-off between cloud size and number is employed to make the problem computationally tractable and can be applied when the model cloud sizes are still much smaller than spiral arm distances and supernova distances. The field of rarefied gas dynamics (terrestrial applications) characterizes such a system by its Knudsen number, Kn. The Knudsen number is the dimensionless ratio of a system's average mean free path and its characteristic length scale. The length scale for spiral galaxies, when one is attempting to study the shocks that are thought to lie on the inside of spiral arms, is either the projected perpendicular length between adjacent spiral arms or just the thickness of an arm. The resultant value for Kn is then between 0.02 and 0.2 for our own Galaxy. More importantly, it is easy to see that if Kn is indeed the characteristic number of the problem, we are faced with the fact that in disk geometry it will vary with galactic radius and from galaxy to galaxy. For example, even if we were to assume for the moment that M81 and M3 3 have roughly the same gas content, the fact that the former is at least two times larger in linear extent than the latter will mean that any effects of a finite mean free path (such as X c . = 150 pc) will become two times as important in M33. It is therefore not surprising to find that the H i morphology is more highly organized in M81 than in M33, since the former probably has a lower Knudsen number and hence should have more regular continuum-like spiral structure, i.e., sharp arms (Wright, Vol. 245 Warner, and Baldwin 1972; Rots 1975 ; also see Roberts, Roberts, and Shu 1975) .
d) Collisional Star Formation
Stone (1970) calculated the density enhancements expected in the collision of identical H i clouds. He found for the larger diffuse clouds that a collision would cause shocks in the clouds and dramatically increase the density, but that because the collision was essentially onedimensional these seemingly fortuitous circumstances did not actually enhance the chances for star formation. Since then, a major change has occurred in our understanding of dense clouds; now we know that clouds often have a large fraction of their mass in molecular form. Molecules are such efficient radiators that postshock temperatures will be lower than Stone assumed. Hence it is now reasonably certain that gravitationally unstable condensations will form.
Indeed, in observational studies collisionally stimulated star formation has been found. Loren (1976) gave radio, infrared, and optical evidence for such an event in NGC 1333. There it appears that two molecular clouds are colliding and that various kinds of extreme Population I objects occur at the collision intersection. At the intersection the separate cloud velocities join to form a single narrow peak. A time scale of a few million years is inferred from the observations. Both observations and theory therefore seem to indicate that cloud-cloud collisions do stimulate star formation. The cloud/particle model will use only this means to account for star formation; we believe that supernova-triggered star formation may simply by a form of this where the H i shell accelerates neighboring comoving clouds toward one another.
We define cloud-cloud collisions to be similar to Brahic's (1977) definition: Two clouds (particles in the computer) collide if they are approaching one another and at the end of a particular time step are found to be closer than R coll , the collision radius for a cloud. The collision is assumed to be highly dissipative; hence we reduce the clouds' relative velocity. After the collision only a small fraction, f n of the clouds' (incoming) relative velocity remains. That portion of the relative velocity for each cloud is sign reversed after the collision to ensure that they will not collide again in the next time step. This formulation conserves linear momentum. In this paper,/ r~0 .05. Values of / r <0.2 all produce very similar steady state pictures. Our idealized clouds do not merge and are not physically altered by the collision process. In the real ISM, clouds may actually be formed and destroyed by local processes, but to first order this may be viewed as the transfer of mass from one cloud to another or between the clouds and the intercloud medium.
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e) The Role of Supernovae An ISM that had only collisions would be without a natural amount of dispersion in time scales on the order of a few r cc . This would also cause the z-distribution of clouds to be flattened to a degree that is not observed. Therefore, some mechanism must be present to maintain the cloud system's dispersion (or the effective temperature if one likes to think in these terms).
Spitzer has suggested that this role must belong to Supernovae (for reviews, see Spitzer 1968 and Chevalier 1977) . The early theoretical predictions have recently seen extensive observational confirmation. Heiles (1979) has published a large Ust of H i shells that have been found by visually scanning densitometer pictures made to represent the two-dimensional gas density distribution at various velocities. A more exhaustive computer study is now in progress (Hu 1980 ) that points toward an ISM filled with supernova-influenced H i.
The cloud/particle model assumes that each cloudcloud collision will generate sufficient numbers of stars to produce exactly one "supernova" explosion. For the purposes of the model, a supernova is thought of as an explosion that administers a radial push to every cloud that is closer than R snr to the collision center.
3 The velocity boost v h that a cloud receives is "snowplow" in nature (momentum conserving if the ISM were uniform):
where v 0 ~ 10-12 km s -1 , AE min =25-40 pc, and R sm = 80-125 pc in the cases that follow. The choice of these constants within these ranges permits the model to be scaled to ensure the proper thickness of the gas layer at the solar radius.
This formulation of the supernova process does not exactly conserve momentum (linear or angular) in the cloud system because a supernova pushes only the clouds that are nearby, and these may be inhomogeneously distributed. We assume the excess momentum is transferred to the intercloud medium. The linear tube analogy, to be discussed in § III, was run once with conservation of linear momentum enforced, yet no discernible difference in the overall statistical properties of the flow was evident. At the present stage of our model each supernova influences the velocity of about 10 nearby clouds on the average. 3 Many supernovae, rather than just one, could equally well participate in the explosion. Furthermore, in addition to the process of star formation induced by cloud-cloud collisions that is computed in this paper, the supemovae themselves might also induce directly and "spark" additional star formation during their pushes of neighboring clouds (see, for example, Gerola and Seiden 1978) .
III. SIMPLE ANALOG: A LINEAR
THREE-DIMENSIONAL TUBE a) Initial Description We first demonstrate the capabilities of the cloud/ particle model for a simple linear tube analogy of galactic gas flow (for a full treatment of this analogy, see Levinson and Roberts 1980) . This analogy is constructed in order to test both our model and the assumptions discussed in § II.
In this analogy, clouds (particles of a fixed radius in the computer) are driven down a linear tube of length / x =3500 pc, by a gravitational galactic-like sinusoidal forcing. The (x,y)-plane for the tube is assumed to correspond to the plane of the galaxy, although there is no rotation in this linear analog. The tube width is l y -200 pc; the tube height is unbounded both above and below the plane. One can think of this tube as representing the projected perpendicular length that a gas cloud (or fluid element) "sees" between two adjacent spiral arms at a radius similar to that of the Sun.
The clouds are randomly assigned initial positions (x,y,z) in three-space. Their initial velocities (m^, u 2 ) are a composite of the system mean velocity u x (t-0) and a random, Gaussian distributed component that provides the cloud system with an initial dispersion (Ak^Aw^AhJ.
The tube is periodic in x; the 1500 particles begin by flowing down the tube, and those that leave one end are reintroduced, with the same velocity, at the other end. Particles that pass across ay boundary are reintroduced in a similar manner. The z-motion is constrained only by a galactic-like harmonic potential; the z-force per unit mass for both three-dimensional models which we will discuss is:
This force is a simplified near-plane (z<400 pc) approximation for the perpendicular force law determined by Oort (1960) for K giants. The supernova boosts (described in § II) administer pushes across the tube boundaries, so that their shapes remain roughly spherical. The system, beginning with the initial state just described, evolves in a cyclical fashion. First, the particles are propagated downstream under only the influence of gravity. Each propagation time step is then followed by a search for all two-cloud colhsions. After the collisions are performed, the resultant supemovae are detonated. Then the cycle begins again. At first, larger time steps are employed; this causes rapid evolution at the expense of missing some colhsions. Later, the model is sharpened by a gradual reduction of the time step until it can be ascertained that few or no colhsions are missed. We have chosen this simple geometry to test the cloud/particle model because it allows for an analytical comparison to be made against the model predictions. This analytical comparison is based on the flow of a continuum of isothermal gas which has the same average velocity, density, and dispersion as the cloud/particle model. For this gas in steady state flow down a linear tube, the following requirements must be met: a) conservation of mass flux (continuity):
p u x -constant;
and {b) conservation of linear momentum:
where p and P are the gaseous density and pressure. % lin is the underlying gravitational potential which has the form %in =^l inCOs(2™//J-^d iss V/*-
A lin is the amphtude of the sinusoidal driving potential. The (-/l diss x/l x ) contribution to the potential represents an imposed constant driving force of magnitude A diss /l x along the linear tube, which is added in transonic cases to make up for dissipation at shocks. The gas has a sound speed which has traditionally been viewed as partly kinetic, but also partly due to turbulence and cosmic-ray particles. The isothermal equation of state can be written as
If equations (7), (8), (10), and (11) are solved for the velocity in terms of the sound speed and the potential, then
The solution for this obeys the integral of motion
where E Ym is the Bernoulli constant which remains invariant along a streamline, except across the region where a shock occurs. At a shock the conservation laws of mass and momentum flux for an isothermal gas must be satisfied and E hn jumps by an amount A£"" = 2 • (13) preshock For steady state flow, the jump in E hn (a loss) at the shock must be balanced by the change in (-A diss x/l x ) over a full period (x: 0->/*) of the flow in the sinusoidal potential. The preshock velocity u x , and in turn the location of the shock, can be determined once this requirement A^iin -v4 diss (14) is met. The results for this continuum flow are sketched in Figure 2 (dashed lines) for three cases: highly supersonic flow {upperpanel), transonic flow (middlepanel), and entirely subsonic flow (lowerpanel). The pluses (+) show the results of the cloud/particle model after sufficient time evolution for a steady state to be achieved. It is interesting to compare the results of the cloud/particle model to the gas response for the isothermal continuum (with a sound speed of 10 km s -1 ). For the supersonic case, the average Mach number M is 5. This type of flow is characterized by its high kinetic-tothermal energy ratio; i.e., the term is large in equation (12) . In all cases, the density is enhanced where the velocity is a minimum; in the supersonic case, this occurs at the potential maximum, =0 (or it). For the subsonic case, the average Mach number M is 0.5. This type of flow is pressure dominated; this means the -c 2 \n(u x /c) term is large in equation (12). In the subsonic case, density is enhanced at the potential minimum, ttx/l x =w/2.
The transonic case is partly supersonic and partly subsonic with the formation of a shock near 7rx/l x = 77/2. This case exhibits substantial dissipation which, if not compensated for, would drain x momentum from the tube. In the continuum calculation, the A diss x/l x term in equation (9) compensates for this draining of momentum. For the cloud/particle simulation, the momentum is maintained by adding back the amount lost in each time step to every particle equally. Although this was done in all cases, the amount needed for steady state in the supersonic and subsonic cases is insignificant. In the transonic case, approximately 10-20% of the system's energy is lost in the shock.
It is important to note that the shock transition is not perfectly steady. Sometimes the jump will occur in three mean free paths, as in the middle panel of Figure 1 . When averages are made over several time intervals, the irregularities associated with the random fluctuations in particle velocities and supernova activity tend to smear LEVINSON AND ROBERTS Vol. 245 Fig. 2. -Linear tube. Comparison of the variation in velocity for the cloud/particle model (+) and that calculated for a continuum (dashed lines) of isothermal gas with a sound speed of 10 km s -1 . The supersonic, transonic, and subsonic cases shown have average Mach numbers: M = 5, 1, and 0.5, respectively. Each velocity panel is the average of two time intervals after a steady state has been reached at an epoch of 450 million years. out the shock region to over five mean free paths, as in Figured (also see Fig. 3 ). These results are in reasonable agreement with measurements made in terrestrial shock tubes. Figure 3 provides plots of velocity, density, dispersion, and average z-height (the distribution of clouds perpendicular to the plane of the linear tube) with respect to phase of the driving potential. Several preliminary conclusions can be drawn from this limited analogy of the cloud/particle model which have bearing on galactic structure. Most importantly, galactic shocklike compression ridges can form as prominent features, even if the ISM is cloud/supemova dominated. Note the sharp density rise followed by the more gradual downstream decline, characteristic of such galactic shocks.
Velocity dispersion changes abruptly at the shock. The rise in dispersion from 8 km s" 1 to 10 km s' 1 corresponds to an increase of the effective temperature of the cloud system. This localized heating also causes an expansion of the cloud system's z-height by approximately 15-20%. The z-expansion is more prolonged than in other studies (e.g., Tosa 1973; Tubbs 1980) because of secondary supemovae in the downstream portion of the density ridge. Some isolated clouds are found at heights substantially higher than the mean z-height at each point. However, we find that escape is rare and is directly correlated to the maximum acceleration that a supernova can impart to its neighboring clouds. For our present work, this is 10-12 km s -1 . This maximum seems to be in general agreement with observations of the intermediate velocity clouds in our Galaxy (Siluk and Silk 1974).
IV. FLOW IN A GALAXY: A THREE-DIMENSIONAL
ANNULUS We now consider the cloud/particle model for a galaxy and first discuss the restricted problem of flow in a three-dimensional annulus. The annulus has a mean radius, sr, of 10 kpc and the galaxy has a flat rotation curve with circular velocity of 250 km s _1 (angular velocity ß=250/sr). The flow of 3000 particles is driven by the spiral gravitational potential field arising from a small amplitude density wave, with a forcing amplitude 5% of the axisymmetric force field and rotating at an angular pattern speed, Q p , of 13.5 km s -1 kpc -1 . We take the spiral to be logarithmic with a 10° pitch angle.
Because of symmetry, the flow in the annulus will be periodic with period tt, and it suffices to consider the semicircular portion of the annulus with ends 6-0 and tt. When particles and Supernovae pass out through these ends, they are reintroduced at the opposite ends of the tube. Similar boundary exchanges are enforced when particles and supemovae pass across either circular wall of the annulus. In this case, they are reintroduced on the opposite circular wall of the tube at a location in angle which preserves the phase with respect to the spiral potential field. Velocities, in coordinates natural to the spiral, are preserved in each boundary exchange.
For the cloud/particle model over the three-dimensional annulus, as well as in the entire two-dimensional galactic disk ( § V), angular momentum is not exactly conserved in each collision. However, the deviation from LEVINSON AND ROBERTS Vol. 245 exact conservation is small compared to measured statistical properties that we shall be examining. This sacrifice of exact conservation is necessary to permit the computer simulation to be performed in a reasonable length of time. In comparing the results of this model to calculations for a continuum of gas, this simphfication appears to be justified. Figure 4 depicts the calculated variations in the cloud/particle model around the annulus at an epoch of 500 Myr. The driving potential is sinusoidal with its minimum (spiral arm) located at tt/2. Dots indicate mean values of the physical quantities characteristic of the clouds contained in each bin in spiral phase. Each dot represents about 50 individual clouds, and the dots are separated roughly by X c . The solid lines in the bottom three panels represent the corresponding flow of an isothermal continuum of gas in the annulus. The equations that govern this continuum of flow are described in Roberts (1969) and Shu, Mihone, and Roberts (1973) . From the comparison of the dots with the solid lines, it is evident that the cloud/particle model can reproduce the major characteristics of the Fig. 4 .-3-D annulus. Variation of velocities, density, dispersion, collision rate (stars), and z-height around the threedimensional annulus. The results for the cloud/particle model (dots) are presented here after 500 million years of evolution. Comparison is made with the results (solid lines) for a continuum of isothermal gas in the three-dimensional annulus. continuum flow. Also sketched, for purposes of comparison, in the bottom three panels is the response of the isothermal continuum of gas with just the critical forcing amplitude (2.3% in this model) at which the transition from nonshock to shock solutions occurs (dashed curves).
The bottom panel of Figure 4 follows the component of velocity perpendicular to spiral equipotential contours. The strong velocity jump that occurs near the potential minimum and the center of a background spiral arm near tt/I is indicative of the type of shock that can form in the cloud/particle model as the gas enters the arm. The position of the shock, as well as the upper and lower velocity extrema, agree well with those calculated for the continuum of gas. Like the shock in the Unear tube analogy, the shock in this annulus undergoes variations in time from the steady state and is not as sharp as the corresponding shock in the calculation for the continuum of gas.
The sharpness of the continuum shock compared to the coarseness of the cloud/particle shock merits further comment. If cloud interactions and supemovae are mechanisms which together can produce shocklike velocity responses, then three remarks should be made. First, velocities and densities along the flow cannot undergo shock jumps over distances any shorter than 1 to 3 mean free paths. Second, local fluctuations and point-to-point variations at the shock and at other locations with respect to phase, when viewed in isolation, are not of significance and should not be overinterpreted. For example, the shock does not reach a perfectly steady state; rather, it continues to steepen and broaden and move shghtly forward and backward, depending on where clouds collide and where supemovae explode. Such fluctuations are expected in galaxies, and we believe the ordered raggedness of real spirals is due in part to this interaction of local phenomena. Third, the shock will not correspond exactly to an isothermal velocity jump based on the flow's mean dispersion (here Aw ± ~ 10 km s" 1 ) because the dispersion (fourth panel from bottom in Fig. 4 ) changes at the shock. Empirically, we find that the velocity does seem to jump at the shock in an isothermal manner by about ^ postshock ^ /upreshock > 0 if one takes c=Aw ± shock , the increased value for the dispersion at the shock. In the present case, we have w preshock -32 km s' 1 , Wpostshock =6 km s' 1 , and Aw_l shock "14 km s 1 (compare the plots oí u ± and Am _l in Fig. 4) . (Figures 8, 9 , and 10 illustrate velocity and dispersion plots that also satisfy this empirical relationship.)
The second and third panels from the bottom indicate the variation of the parallel component of velocity and the density, respectively, along the tube. The panel labeled "stars" attempts to portray the location and The model predicts enhanced star formation due not just to the increase in density alone. Rather, it is enhanced by a combination of both cloud density and increased dispersion. Therefore, the colhsion rate varies as T cc 1 oc«2a m± .
The variation in both n c and Aw ± produces a fivefold enhancement in the relative amount of star formation occurring in the arm in contrast to the interarm. In the top panel of Figure 4 is plotted the average z-height with respect to spiral phase. The cloud system expands in z by about 25% from a preshock average of slightly less than 80 pc to a postshock average of almost 100 pc, as a result of the additional heating. The zresponse does not completely equilibrate (also see Talbot and Arnett 1975) ; as it expands, the cloud density is lowered. The lower density lengthens the mean free path, which in turn lowers the colhsion and star formation rates, providing a natural regulation and balance. points where the density falls to one-half of the z=0 density. Although the thickness is scaled by the strength of Supernovae in our model, the specific shapes of both curves are not. It is encouraging that both plots seem to be in agreement with the high resolution observations of our own Galaxy (Kellman 1972; Jackson and Kellman 1974) . In the wings of both these Gaussian-like curves are a few particles that would appear as intermediatevelocity or high-latitude clouds in an H i survey.
V. FLOW IN A GALAXY: THE TWO-DIMENSIONAL DISK
In the preceding section the three-dimensional annulus to which we applied the cloud/particle model constitutes a representative but small portion of a galaxy. We now consider the cloud/particle model over a larger scale and try to provide a description of the distribution of gas density and star formation over the full disk of a galaxy. It is possible to obtain this larger perspective computationally if the calculation is limited to only two dimensions-those in the plane of the galactic disk. In making this simplification, we shall use the same parameters for cloud collisions and supernova strength as in the preceding sections. With the same supernova size and strength, the model should retain the same z-stability because the motion in the z-direction is uncoupled to a large extent from the motion in the plane of the disk.
This larger two-dimensional plane calculation will not require the boundary constraints which were necessary for the three-dimensional annulus. The galaxy which we model is assumed to be symmetric about the origin; a particle at (x, y) in the upper half-plane has its counterpart at (-x,-y) in the lower half-plane. Initially the particles (15,000 in the half-plane) are distributed randomly across the disk and are constrained to be inside a radius of 12 kpc. They may achieve any radius at a subsequent time, depending on their dynamics. The underlying stellar galaxy which dynamically drives the gas cloud system is taken as the same one adopted in § IV with a flat rotation curve and a constant circular velocity of 250 km s _1 . Likewise, we adopt the same spiral stellar density wave as that in § IV with a 10° pitch angle, a forcing amplitude 5% of the axisymmetric force field at each radius, and a pattern speed of 13.5 km s -1 kpc -1 . The time evolution of the cloud system is followed and the distribution of gas density is illustrated in Figure 6 at six epochs of time. The initially uniform gas density distribution quickly begins to form a nonlinear density enhancement. After 80 Myr a spiral pattern becomes clearly visible. The model uses large time steps (t=4 Myr) at first to keep computing costs low; after the system settles down, the time step is gradually lowered (eventually to ¿=0.5 Myr). The sharpness of the shock and the density contrast become stronger as the time step is lowered. § s 8
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A rough condition for the accuracy of the integration can be specified in terms of the position and sharpness of the shock. If we wish to determine the angular location of the shock, 0 S , to a precision of M s , then the time step At must be small enough to ensure that a particle will move no further than vyA$ s in that time step. In terms of model parameters, this condition takes the form of A^>(ß(sr)-ß / ,)A/.
In our present case, if A0 S = 1°, then Atfä = 10 kpc)~ 1.5 Myr and At('&=6 kpc)~0.6 Myr. We point out that the very inner regions are never completely refined. Our choice of a flat rotation curve, extending into the origin, limits the validity of the numerical scheme most certainly inside the radius of 1 kpc. However, the loss of accuracy inside 1 kpc does not seem to affect the results outside this radius.
Once the model is refined by lowering the time step A Mo a sufficiently low value (0.5 Myr in the present calculation), we can consider the collision positions. The distribution of collision positions at the time epoch of 550 Myr is shown in Figure 7 . The arms which trace out aggregates of colhsion positions are even more distinct than the corresponding arms of gas density (Fig. 6) . As in the three-dimensional annulus, the amount of "star formation" (assuming it increases linearly with the frequency of collisions) is much more strongly enhanced than the simple two-fold enhancement in the gas density ^max/^average • It is possible to examine the velocity, density, and dispersion in the plane by taking a subset of the total Fig. 7 .-2-D disk. Distribution of all collision centers at t^ SSO Myr. Assuming that star formation occurs at such centers, this distribution can be thought of as roughly corresponding to the B magnitude "surface brightness" for such a galaxy. particles in an annulus centered at a given radius. We can then compare the flow in this annulus to the results for the three-dimensional annulus and the isothermal continuum ( § IV). Figures 8, 9 , and 10 do this for 1 kpc wide annuli centered on 6, 8, and 10 kpc, respectively, at the time epoch t= 550 Myr. Although the contrast in gas density between arm and interarm regions is as large as 3:1, the enhancements in gas density measured by <w/ a average are rarely larger than 2:1. The plot of density in all three figures shows this behavior; this result is dependent on the strength of supemovae. Stronger supernova boosts increase the dispersion, and the increased heating tends to further soften the shock. Although the 2:1 enhancements may seem small, they are of the same order as those measured by Rots and Shane (1975) for M81.
The top panels in these figures represent the tracks of velocity dispersion around the annuli. The shock at 8 kpc is fairly sharp and the corresponding region in which the dispersion reaches its maximum here is as narrow as we find it in this type of calculation, at least to the epoch of time evolved. It is a characteristic of the time evolution of the cloud/particle model that the width of the shock will vary; the shock strength and particularly its position and distinctness vary over 1 to 5 average mean free paths. Although we have not tried to focus on any one particular galaxy by carefully fitting to an observed rotation curve or adjusting other galactic parameters, these results seem to be in qualitative agreement with the H i surface density versus phase diagrams obtained through observations with the Westerbork telescope by Shane (1975) for M51 and by Rots and Shane (1975; also see Rots 1975) for M81. For radii between 4 and 10 kpc the cloud/particle model shows general agreement. The ratio of the forcing amplitude to the axisymmetric field, however, is held fixed for simplicity in our model. It does not increase with radius, as was shown to be a necessary requirement in order to fit the gas density contrasts observed in the outer portions of such galaxies (see Schweizer 1975; Visser 1978) . This may be partly the reason why the observed arm to interarm contrasts for the stronger of the two arms in each of these galaxies are somewhat above the typical contrasts obtained thus far in our model. Two conclusions concerning galactic structure can be inferred from these results with the cloud/particle model. These conclusions are based on the fact that our model uses existing local processes which by their very nature are governed by physical considerations that are independent of the size of the parent stellar system. The first conclusion centers on an interesting constraint imposed by the local mean free path of a galaxy's system of dense clouds. A nearby galaxy with an average mean free path \ c -100-200 pc should not look substantially different in H i maps produced on the VLA, when compared to those already observed by the Westerbork telescope. Presently the Westerbork beam is approximately 1 to 3 mean free paths in diameter for galaxies closer than 4 Mpc. Since this is the typical size of the shock region, the velocity and density smearing that could be mistakenly attributed to the larger beam may be simply evidence for a galactic mean free path of 100 to 200 pc.
We view the effect that a finite mean free path can have on the observed structure of a galaxy from a different perspective. In H i surface density versus phase diagrams obtained from observations of a galaxy, shocks show the tendency to steepen at larger galactic radii. If a shock jump in either velocity or density can be expected to occur over 3 mean free paths, then this corresponds to roughly 25°, 20°, and 15° in spiral phase at 6, 8, and 10 kpc radius, respectively. A comparison of Figures 8 and 10 shows just this behavior from the results of the cloud/particle model. Here when plotted with respect to phase angle, the shock at 6 kpc appears much weaker than the shock at 10 kpc, although both occur over approximately the same linear distance and are therefore equally sharp.
The second conclusion concerning galactic structure which can be inferred from the cloud/particle model centers on the Supernovae. Type II supemovae, on the average, all release the same amount of energy. It is certainly the case that the released energy of a single supernova is independent of the size of the parent galaxy. Therefore, from a cloud-supernova standpoint it seems quite reasonable that smaller, less massive galaxies are often not as well organized as larger, more massive galaxies. We tested this hypothesis by slightly increasing the supernova size and energy input in the three-dimensional annulus. All other parameters were unchanged. After equilibrium was reestablished, it was clear that the effect of this change was to weaken the shock, to broaden and attenuate the arm (region of star formation), and to increase the thickness of the disk. We feel it is certainly likely that galaxies like M33 have broad and ragged arms in part because the size and influence of supemovae, relative to the dimension of the galaxy, are more important in these smaller less massive galaxies.
The two-dimensional plane calculation is not evolved far enough for the system to have completely equilibrated in its radial gas distribution. Figure 11 shows the distribution of gas surface density as a function of radius at ¿=550 Myr. The disk began its evolution with a constant surface density of unity inside 12.0 kpc. The enhancement in the inner parts is attributed to gas clouds that have assumed smaller orbits after experiencing frictional dissipation at the shock. Figure 12 gives the corresponding variation of collision centers with radius at ¿=550 Myr. Initially the disk began with an average uniform brightness of 0.5 in these relative units. From our assumptions, this distribution should correspond roughly to a 5 magnitude "surface brightness" map for the model galaxy. 
VI. CONCLUSIONS
The cloud/particle model is an attempt to understand gas flow and star formation morphology in disk galaxies through a combination of the gravitational field and the local processes that are probably endemic to the ISM in galaxies. The model formulation requires that we have knowledge of (1) the form and intensity of the gravitational potential, (2) the average mean free path for cloud-cloud colhsions, and (3) the nature of cloud collisions and supernova explosions. We list these as the three fundamental building blocks for the cloud/particle model. With regard to the third, it is clear that a reasonable balance must exist between the local processes of cloud-cloud collisions and supemovae, or else the ISM cloud system would either flatten or evaporate. The exact parameter space for the colhsion dissipation fraction f r and the supernova characteristics ( V o' R mmi R sm) is probably not as important as the morphology of each process. Because we have scaled down the number of clouds to make the problem computationally tractable, the supernova rate for our model galaxy is also lowered. The rate for the two-dimensional (2-D) plane is 1 supernova every 300 years, and the rate for the 3-D annulus is 1 supernova every 100 years. These rates are not input parameters but are the results of the calculated rate of cloud-cloud collisions in our model. The weakest assumption of the model seems to us to be that every cloud-cloud collision must generate sufficient star formation for supernova activity to occur. It does seem possible that if the conversion efficiency is only 10-20%, then an environment exists for stimulated growth of giant cloud complexes.
The cloud/particle model is a phenomenological approach that embodies both density wave and stochastic star formation concepts. From the perspective of this model, it seems certain that local processes can play a LEVINSON AND ROBERTS Vol. 245 significant and observable role in global spiral structure. We see that compression ridges associated with galactic shocks on the largescale are the products of the interaction of cloud-cloud colhsions and supernova explosions. Shocklike compressions do dehneate the beginning of luminous arms, and it is at this point that the daughter products of star formation-i.e., supemovae-begin to work in concert with the shock-increased density to provide for additional star formation. The dynamics of the galactic shock itself have also been illuminated by the cloud/particle model. It is now clear that a largescale shock may be viewed as a diffuse region where many individually dissipative cloud-cloud collisions occur. In other words, there is no one location where star formation is triggered; rather, there is an area from 1 to 3 mean free paths wide where triggering starts. Subsequently, there is an even larger downstream region where secondary triggering continues. At its current stage of development, the cloud/particle model may be more applicable to some spiral galaxies with active star formation than others. We have not yet attempted to demonstrate that the model can explain quantitatively those galaxies with very narrow dust lanes (Lynds 1978 (Lynds , 1980 and very narrow H i emission features (Unwin 1980) on global scales. Such filamentary spiral structures may be more prominent in those galaxies which have shorter cloud mean free paths than that adopted in this paper or which show a more pervasive warm (7 n ^ 10 4 K) phase in their ISM. With regard to the latter possibility, it is important to note that the cloud/particle model does not preclude the joint participation of both the clouds and the intercloud medium in star formation (see, for example, Woodward 1976). However, on the basis of the results in this paper, we infer that the cloud system itself can serve as the dominant participant in situations where the sound speed of the intercloud medium is too large for the formation of shocks (in the intercloud medium) or where cloud densities are large enough for the cloud motions to be disconnected from the warm/hot intercloud gas even when the latter can be adequately treated as a continuum.
As instruments like the VLA and the space telescope are brought on line, it is possible that the much used continuum assumptions will have to be further questioned. The new instruments will have the sensitivity and resolving power to make observations that may not make sense if one assumes that an observed field is uniform, continuous, or even smoothly varying. With the cloud/particle model, we have focused on problems of galactic flow; however, it is hoped that our approach can be fruitfully applied to other areas of astronomical research as well.
